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. 
INTRODUCTION 

The .two major aims of t h i s '  program are t h e  f o l l o w h g :  

(1) To study oxide d ispersed  a l l o y s  t o  e s t a b l i s h  t h e  mechanism o r  mechanisms of i 

st rengthening,  t o  examine i n  d e t a i l  t h e  modes of deformation and f r a c t u r e  under condi t ions  

of high temperature creep,  t o  determine t h e  na tu re  of t h e  s t r u c t u r a l  s t a b i l i t y  which 

p r e v a i l s  and those  f a c t o r s  which decrease the s t r u c t u r a l  s t a b i l i t y  under condi t ions  of 

l o q - t i m e  exposure a t  high temperatures,  and t o  search  f o r  new and improved processing 

methods f o r  t h e  production of t h e s e  a l loys .  

has no t  been examined t o  f u l l  advantage, and t h a t  a number of t h e  chemical depos i t ion  . 

processes  are too involved and too  expensive f o r  gene ra l  commercialization. The la t te r  

criticism begins  t o  become p a r t i c u l a r l y  obvious when one contemplates t h e  production of 

h igh ly  al loyed systems. 

0 

It is fe l t  t h a t  t h e  powder metal lurgy approach 

(2) To determine t h e  p o t e n t i a l  of r ap id ly  quenched, atomized o r  s p l a t  cooled 

p a r t i c l e s  and f l a k e s  as a b a s i s  f o r  t h e  development of improved o r  r a d i c a l l y  modified 

a l l o y  systems capable of achieving high s t r eng th  va lues  a t  both low and high temperatures,  

coupled with improved s t r u c t u r a l  s t a b i l i t y .  

This r epor t  covers s t u d i e s  pursued during t h e  f i r s t  ha l f  of 1968. Two doc to ra l  

theses were e s s e n t i a l l y  completed a t  t h e  end of 1967 and t h e  very  e a r l y  p a r t  of 1968; 

one of these  s t u d i e s  i s  now being prepared i n  rough d r a f t  form f o r  publ ica t ion ,  and i t  

is a n t i c i p a t e d  t h a t  t h e  second doc to ra l  t h e s i s  w i l l  b e  put  i n t o  publ i shable  form wi th in  

t h e  next  s eve ra l  months. 

Excel lent  progress  has  been observed i n  a l l  but  one of t h e  programs, t h a t  program 

h a s n g  been delayed as a r e s u l t  of t h e  slow de l ive ry  of a number of s p e c i a l  a l l o y s  necessary 

f o r  t h e  production of t h e  oxide dispersed s t ruc tu res .  

A summary of t h e  r e s u l t s  of t he  ind iv idua l  k tudies  follows. 

A. Oxide Dispersion Strengthened Copper-Aluminum-A1203 by t h e  SAP Technique 

The reader  i s  reminded t h a t  finely.ratomized copper-aluminum a l l o y s  w e r e  a t t r i t e d  

t o  product: f i n e  f l a k e s  wi th  an average th ickness  near  0.5 micron. 

A a l l o y s ,  were merely su r face  oxidized t o  produce aluminum oxide i n  propor t ion  t o  t h e  

amount of aluminum i n  s o l i d  so lu t ion  i n  t h e  a l loy .  

on t h e  su r face  of t hese  powders w a s  subsequently reduced i n  hydrogen, a f t e r  which t h e  

product w a s  compacted, canned, sea led ,  and extruded a t  740°C a t  an  ex t rus ion  r a t i o  between 

12:l and 22: l .  

incomplete oxidat ion,  t h e  amount of unoxidrzed aluminum increas ing  wi th  t h e  t o t a l  content  

The f i r s t  series, the 

Any copper oxide which may have formed 

Each of t hese  a l l o y s  had aluminum remaining i n  s o l i d  s o l u t i o n  due t o  

of aluminum i n  t h e  a l l o y .  

6.86  i n  a l l o y  A 3.  
This amount of aluminum va r i ed  between 0.65 i n  a l l o y  A 1 t o  

The presence of t he  aluminum i n  s o l i d  so lu t ion  l e a d s  t o  s i g n i f i c a n t  
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improvements i n  low temperature  mechanical p rope r t i e s ,  and t o  exce l l en t  ox ida t ion  r e s i s t a n c e  

a t  450 and 650OC. 

s t r e n g t h  va lues  as high as 92,000 p s i  were repor ted ,  wi th  7.5 percent e longat ion  and 10.5 4 

percent reduction of area. 

Yield s t r e n g t h  va lues  as high as 83,000 p s i  and u l t ima te  teasile 

I n  creep a t  450 and 650°C, t h e s e  materials w e r e  no t  as good as a l l o y  B 33 repor ted  
rr 

a number of years  ago by Pres ton  and Grant, a pure  copper m a t r i x  containing 3.5 volume 

percent aluminum oxide, bu t  t h e  va lues  were b e t t e r  than  those repor ted  f o r  any o the r  

oxide d i spe r s ion  strengthened a l l o y ,  and considerably b e t t e r  than t h e  p r o p e r t i e s  repor ted  

f o r  any conventional copper a l l o y s  a t  t h e s e  same temperatures. The r der  should r e f e r  

t o  t h e  previous semi-annual r e p o r t  f o r  s p e c i f i c  va lues  of s t r e n g t h  at  both low and h igh  

temper a t  u r  es . 
The B series of a l l o y s  i n  t h e  progfam were prepared by a t t r i t i o n  i n  t h e  same way 

as w e r e  t h e  A alloys: For t h e  B a l l o y s ,  t h e  copper oxide on t h e  su r face  of t h e  f i n e ,  

sub-micron f l a k e s  w a s  ut j t l ized f o r  f u r t h e r  ox ida t ion  of t h e  aluminum by an i n t e r n a l  

ox ida t ion  process. The oxidized f i n e  f l a k e s  were exposed t o  an argon atmosphere f o r  one 

hour a t  725OC, permi t t ing  t h e  copper oxide t o  d i s s o l v e  i n t o  t h e  a l l o y ,  thereby inc reas ing -  

t h e  content of aluminum oxide and decreasing t h e  content of aluminum remaintng i n  s o l i d  

sh lu t ion .  

t h e  obvious advantage of decreasing t h e  i n t e r p a r t i c l e  spacing by avoiding unoxidized reg ions  

i n  t h e  c e n t e r s  of t h e  f i n e  f l a k e s .  

Not only does t h i s  procedure inc rease  t h e  amount of aluminum oxide,  bu t  it has  

The compositions of t h e  B series of a l l o y s  as w e l l  as those  f o r  a l l o y s  A 4 and B 4, 
a material containing 15 percent  n i c k e l  as a s o l i d  s o l u t i o n  s t rengthening  element, are 

shown i n  Table I. 

22:1, except i n  t h e  case of B 3 which had an ex t rus ion  r a t i o  of 30:l. 
a l l  sound and s a t i s f a c t o r y .  

b e t t e r  than  99.6 percent of t h e o r e t i c a l  dens i ty .  

It w i l l  a l s o  be observed t h a t  t h e  ex t rus ion  r a t i o  f o r  t h e s e  a l l o y s  i s  

The ex t rus ions  w e r e  

Density measurements i n d i c a t e  t h a t  each of t h e  a l l o y s  shows 

TABLE I 

Composition of Al loys  a f t e r  Surface P lus  I n t e r n a l  Oxidation 
Weight Percent 

N i  (v/o A1203) Extrusion Rat io  A1 A1203 Alloy No. 

A 4  .33 .72 15.0 2.6 22:l 

B 1  .51 .88 - 3.1 22:l 

B 2  2.65 1.27 - 4.2 22:l 

B 3  6.54 1.68 

B 4  0.09 1.19 15.0 

6.0 

4.0 

30:l . 

22:l 
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Metallographic examination of t h e  a l l o y s  showed t h e  oxide t o  be  w e l l  d i spersed  

throughout t h e  material. 
tt 

on all a l l o y s ;  t h e  r e s u l t s  are p l o t t e d  i n  Figure 1. 

allows comparison between t h e s e  materials and t h e  ones produced by su r face  oxida t ion  alone. 

Hardness versus  annealing temperature tests were performed 

Reference t o  earlier hardness  p l o t s  

J Each of t h e  B a l l o y s  show a hardness  drop af temperatures lower than  f o r  t h e  comparable 

A alloys. 
s t u d i e s  are planned t o  determine t h e  cause of t h e  hardness drop a t  r e l a t i v e l y  l o w  

temperatures. 

The explanation f o r  t h i s  behavior is  n o t ' y e t  clear; metal lographic  and o t h e r  
is 

Tens i l e  t e s t i n g  a t  room temperature and 450°C (842°F) has been completed; t h e  r e s u l t s  

are shown i n  Table 11. 

cons tan t  crosshead speed of .05"/min. 

A l l  t e s t ingwasdone  on an I n s t r o n  t e n s i l e  t e s t i n g  machine at a 

The A series a l l o y s  are included f o r  completeness. 

TABLE I1 

Tens i l e  Tests a t  20" and 45OOC f o r  A and B Type Alloys 

Temp. , EC Alloy 0.2% Yield UTS Elong . Reduction of Area 
S t r e s s ,  p s i  p s i  % % 

20 A 1  
A 2  
A 3  
A 4  
B 1  
B 2  

46, 200 49 , 700 
53,400 59,600 
83 , 100 92 , 600 

75,300 75,300 
68 , 300 70,000 
66,000 68,600 

B 3  83 , 900 88,700 
B 4  40,400 44,400 

450 . A 1  23 , 500 23,800 
A 2  28,200 29,600 
A 3  32,800 34 , 000 
A 4  25,400 25 , 400 
B S  35,500 35,500 
B 2  38,500 38 , 500 
B 3  47,000 47 , 000 
B 4  23,800 24,200 

The improvement i n  t h e  450°C t e n s i l e  s t r e n g t h  f o r  the 

B 4) compared t o  t h a t  f o r  A series i s  s i g n i f i c a n t  and w i l l  

r up tu re  p rope r t i e s .  ". 

19.8 22.6 
19.6 26.4 
7.5 10.5 
5.1 8.0 
12.1 17.8 
4.8 6.1 
4.6 2.1 
17.4 29.5 
7.7 8.6 
9.2 8.9 
15.9 15.4 
6.1 4.8 
4:8 7.2 
4.2 5.0 
14.2 13.3 
12.0 15.2 

B series a l l o y s  (except f o r  

hopeful ly  p e r s i s t  i n  stress- 
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spa r se  t o  be  included i n  t h i s  r epor t .  

S t ress - rupture  t e s t i n g  is  i n  progress.  The da ta  on t h e  B series as of now are too  

One of t h e  A series a l l o y s ,  A 2, w a s  cold swaged, 50 percent  reduct ion  i n  area, and ik 

subsequently machined t o  ob ta in  s t r e s s - rup tu re  specimens. 

s t ress - rupture  t e s t e d  a t  450°C. 

compared t o  r e s u l t s  obtained f o r  t h e  as-extruded material. 

The swaged material w a s  

The r e s u l t s  of  t h i s  t e s t i n g  are t abu la t ed  below and 
r 

TABLE 111 

S t r e s s  Rupture T e s t  Comparison f o r  Alloy A 2, As-extruded and 50% Cold Swaged 

Material S t r e s s ,  p s i  Rupture- t i m e  , h r s  . 
A 2 - As-extruded 25,000 1.35 

24,000 16.3 

23 , 000 25.8 

22,500 373.6 

A 2 - 50% cold  swaged 27,000 8.9 

25,500 103 .O 

These r e s u l t s  g ive  an  est imated stress f o r  100 hours l i f e  of 23,000 p s i  f o r  t h e  

as-extruded material and 25,500 p s i  f o r  t h e  swaged material. 

cant. 

ex tens ive  program i s  under way t o  i n v e s t i g a t e  t h e  poss ib l e  b e n e f i t s  of cold-work anneal 

cycles on t h e s e  types  of materials. The r e s u l t s  of room-temperature t e n s i l e  tests on 

t h e  swaged material have been repor ted  previously;  they show an important i nc rease  i n  

s t r e n g t h  wi th  cold work. 

The b e n e f i t s  are s i g n i f i -  

It should be emphasized t h a t  t h e s e  r e s u l t s  are prel iminary and t h a t  a much more 

The following i s  an o u t l i n e  of work planned o r  a l r eady  under way f o r  t h e  next per iod.  

1) 

2) 

p rope r t i e s .  

3) 

Stress-rupture  t e s t i n g  of a l l  a l l o y s  a t  450°C and 650"Cd 

Swaging and anneal ing effects on room-temperature and high-temperature mechanical 

Determination of apparent a c t i v a t i o n  energy f o r  creep i n  va r ious  a l l o y s  and i t s  

dependence on composition and stress. 

4) Production of another  a l l o y  of f i n e r  i n i t i a l  p a r t i c l e  s i z e  than t h e  ones 

a l r eady  produced. 

5) Corre la t ion  of accumulated d a t a  wi th  d a t a  obtained from o t h e r  s t u d i e s  t o  g ive  

a w e l l  rounded p i c t u r e  of t h e  a p p l i c a b i l i t y  of t h e  SAP type  method t o  the production 

of d i spe r s ion  s t rengthened systems. ... 
6) S t ruc tu re  examination by e l ec t ron  microscopy t o  determine t h e  f i n e  p o i n t s  of 

t h e  r e s u l t a n t  oxide d ispers ion .  
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B .  The Role of Oxide Contaminants and Reactive Solu te  Metals i n  Oxide Dispersed Alloys 

The element of g r e a t e s t  i n t e r e s t  f o r  t h e  at ta inment  of ox ida t ion  r e s i s t a n c e  is chromium. 
k 

Unfortunately i n  a l l  common oxida t ion  r e s i s t a n t  steels and supera l loys  about 18 t o  20% C r  

i s  requi red  f o r  p ro tec t ion  up t o  1800 - 2200'F. I n  producing f i n e  metall ic p a r t i c l e s  of 

nea r  micron dimensions, cons iderable  C r  0 

and i s  seldom lowered t o  less than  0.1% un les s  reduct ion  temperatures of a t  least 2350°F 

are used (which l e a d s  t o  undes i rab ly  high degrees of s i n t e r i n g  a t  f a i r l y  r ap id  rates. 

forms which i s  reduced wi th  much d i f f i c u l t y  2 3  

6 

A poss ib l e  a d d i t i o n a l  problem is  a r e a c t i o n  between C r  i n  s o l u t i o n  wi th  t h e  r e f r a c t o r y  

oxide,  leading t o  a s m a l l  amount of reduct ion  o r  i n t e r a c t i o n  wi th  t h e  r e f r a c t o r y  Qxide. 

Emphasis has  been placed on t h r e e  hea t  r e s i s t a n t  types  of a l loys ,  i n  p a r t  because of 

t h e i r  p o t e n t i a l  f o r  high temperature  use,  and i n  p a r t  by t h e  a v a i l a b i l i t y  of  exce l l en t  

f ine powders of t h e s e  a l loys .  The a l l o y s  are type 316 s t a i n l e s s  steel, 80 N i  - 20 C r  

a l l o y  and 80 Fe - 20 C r  a l l oy .  The r e f r a c t o r y  oxides have been Tho and BeO. 2 

In i t ia l  s t u d i e s  were made w i t h  as-received, 10  micron, type 316 s t a i n l e s s  steel  

powders p lus  Tho2. 

1% Cr203,  bu t  l e d  t o  ex tens ive  s i n t e r i n g  which slowed down t h e  reduct ion  and f ina l ly  

'stopped it  o f f .  P rope r t i e s  a t  1800OF were poor; agglomeration of Tho w a s  observed. 

Hydrogen reduct ion  of  Cr203  a t  2200'F lowered t h e  conten t  t o  about 

2 

A s  an a l t e r n a t e  r o u t e  f o r  t h e  production of hea t  r e s i s t a n t  oxide d ispersed  a l l o y s ,  

t h e  ONERA h a l i d e  t r a n s p o r t  process  w a s  used t o  produce 80 N i  - 20 C r  - 3.5 % Tho2, 

45 N i  - 20 C r  - 30 Co - 5 Mo - 2.5% Tho2, 80 Fe - 20 C r  - 3.5 % Tho2; i n  add i t ion  

Fe - 1.25 w/o BeO, produced by i n t e r n a l  ox ida t ion ,  w a s  a l s o  chromized t o  in t roduce  about 

20% C r .  

very  r i c h  chromium s t r u c t u r e .  

The r e s u l t a n t  s t r u c t u r e s  were r e l a t i v e l y  low i n  C r  0 but  showed i s l a n d s  of a 2 3  

The room temperature p rope r t i e s  were exce l l en t  b u t  t h e  

1800'F va lues  w e r e  extremely poor. 

same B e 0  content ,  without  chromium, w a s  b e t t e r  i n  1400°F tests. 

I n  f a c t ,  an i n t e r n a l l y  oxidized Fe-Be0 a l l o y  of t h e  

Surface chromizing of 

the Pe-Be0 a l l o y  i n  test b a r  form gave exceI4ent stress rupture  p r o p e r t i e s  a t  1400OF. 

Subsequently two more type  316 s t a i n l e s s  s t e e l - t h o r i a  a l l o y s  (83 and H5) w e r e  prepared. 

For t h e s e  a l l o y s  t h e  Tho2 ~ 7 a s  added during a t t r i t i o n  of t h e  316 s t a i n l e s s  steel powder. 
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The r e s u l t a n t  Tho2 d i spe r s ion  observed i n  t h e  extruded bar  s tock  w a s  s i g n i f i c a n t l y  im-  

proved; t h e  80" 3. t ens ion  p r o p e r t i e s  and t h e  1800OF stress rup tu re  r e s u l t s  a l s o  showed 

a s m a l l  improvement. 

To improve s t i l l  f u r t h e r  t h e  i n t e r p a r t i c l e  spacing of t h e  Tho a t t r i t i o n  time w a s  2' 

increased  by a f a c t o r  of 4 .  The r e s u l t a n t  powders were below 1 micron i n  th ickness  and 

d on drying were observed t o  b e  pyrophoric; a c t u a l  s i z e  determinations are under way. 

A t t r i t i o n  is  now being c a r r i e d  out  i n  a s t a i n l e s s  steel s h e l l  wi th  1/8" s t a i n l e s s  

steel b a l l s .  Rec i r cu la t ion  of t h e  powder during a t t r i t i o n  has  been i n i t i a t e d  t o  avoid 

se t t lement  of a coa r se r  powder f r a c t i o n  i n  t h e  bottom of t h e  conta iner .  

Improvements have a l s o  been made t o  permit a check of t h e  degree of completeness of 

Based on t h e s e  tests,  ins tead  of reduct ion  a t  2280°F f o r  t h e  hydrogen reduct ion  t rea tment .  

4 hours,  reducticln i s  now c a r r i e d  ou t  a t  2200°F f o r  6 hours a f t e r  which a check is  made 

(Karl F isher  Reagent) of t h e  exit gas  according t o  a co lo r  change. I f  water vapor i s  

ind ica t ed ,  reduct ion  i s  continued; i f  t h e  test i s  negat ive ,  t h e  powder i s  ready f o r  

f u r t h e r  processing. S ix  a l l o y s  have now been wide, based on type 316 s t a i n l e s s  steel ,  

and tests are under way; t h e  a l l o y s  are H-10 t o  H-15. 

Table I V  summarizes t h e  a l l o y s  prepared t o  date .  Table V l i s t s  t h e  approximate 

va lues  of stress f o r  rup tu re  i n  100 hours a t  1400, 1500, and 1800°F f o r  earlier a l l o y s .  

Table V I  l ists t h e  content of Tho2 and Cr203 ' for  a'number of t h e  a l l o y s .  

t h e  80'F t ens ion  d a t a  f o r  most of t h e  a l l o y s  s tud ied  t h u s  f a r .  

Table V I 1  shows 

I n  t h e  next s i x  months, i t  is  planned t o  p u t  i n t o  e f f e c t  t h e  t o t a l  improvements 

generated over t h e  p a s t  2 yea r s  t o  produce on t h e  one hand a t t r i t o r  ground and blended 

type  316 s t a i n l e s s  steel - Tho material f o r  ex t rus ion  and test; on t h e  second hand 2 

improved h a l i d e  decomposed a l l o y s  w i l l  be  a v a i l a b l e  t o  test as a comparison wi th  t h e  

product made by a t t r i t i o n  of powders. 

... 
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TABLE I V  

Summary of Oxide Dispersed Heat Res i s t an t  Alloys 
.d . .  

Alloy Nominal Composition Extrusion Extrusion Remarks 
No. Ra t io  __ Temp. OF 
H I  Ni-20Cr-2.5 w/o Tho2 22:l 1800 ONERA h a l i d e  process  
H2 45 Ni-20Cr-30Co-5Mo-2.5 w/o 22:l  1800 ONEPA h a l i d e  process  

H3 3.6 s . s .*  - 6 W/O Tho2 22:l 1800 A t t r i t e d  f o r  1 day and 

Tho2 

extruded 
d 

H4 Fe-20Cr-1.25 w/o Be0 22:l  1800 I n t e r n a l l y  oxidized Fe-Be, 
chromized and extruded 

H5  316 S . S .  A- 6 w/o Tho2 22:l 1800 A t t r i t e d  f o r  1 day, H2 

H6 316 S . S .  - 6 W/O Tho2 16: 1 2000 A s  received powder 

s i n t e r e d  and extruded 

(10 micron) 

H7 316 S . S .  - 6 W/O Tho2 16: l  2000 A s  received powder 
(10 micron) H2 s i n t e r e d  

H8 Ni-20 Cr-2.5 w/o Tho2 22:l  2000 ONERA h a l i d e  process  

H9 Fe-20Cr-2 w/o Tho2 22:l  2000 ONERA h a l i d e  process  

H10 316 S.S. 

H I 1  . 316 S . S .  

H12 316 S . S .  

30: 1 1800 A s  a t t r i t e d ,  4 days 

30: l  1800 A s  a t t r i t e d ,  H2 s i n t e r e d  
a t  2180°~ ,  6 hours 

30: 1 1800 A s  a t t r i t e d ,  H2 s i n t e r e d  
a t  2280°F, 6 hours  

H13  316 s . s . -  6 W/O Tho2 30: 1 , 1800 A s  a t t r i t e d  

H14 316 s . s . -  6 W/O Tho2 30: l  1800 A s  a t t r i t e d ,  s i n t e r e d  
f o r  6 hours a t  12OOOC 

H 1 5  316 S . S .  - 6 W/O Tho2 30: 1 1800 A s  a t t r i t e d ,  s i n t e r e d  
f o r  6 hours a t  125OOC 

JC S . S .  = s t a i n l e s s  steel  

... 
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TABLE V 

S t r e s s  f o r  Rupture i n  100 Hours f o r  Ear ly  H-Alloys 
4 

Alloy T e s t  Temperature, OF S t r e s s  f o r  100-hour l i f e ,  p s i  

HI 1800 ri 

H2 1800 * 
H3 1800 540 

H4 1400 2600 

H5 1800 940 

H6 1800 430 

H7 1800 960 

H6, swaged. 50% 1800 460 

H7, swaged 50% 1800 1250 

H3 

H5 

H6 

H7 

H7, swaged 50% 

1500 

1500 

1500 

1500 

1500 

2900 

2100 

da ta  not  taken 

1500 

3400 

* Severe s c a t t e r ;  va lues  low. 
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TABLE VI 
$4 

Tho2 and Cr203 Contents of Selected Alloys 

Total O2 
wt. % 

1.6 

0.89 

1.24 

0.98 

0.64 

0.68 

0.78 

Th02 
wt.  % 

2.3 

2.3 

5.5 

5.5 

2.20 

2.63 

1.23 

Cr20 Remarks 
w t .  a* 
4.28 Attrited 316 S.S. 

1.98 Attrited 316 S.S. 

1.85 Attrited 316 S.S. 

1.03 Attrited -316 S.S. 

1.21 Halide decomposition 

1.17 - Halide decomposition 
nil Chromized Fe-Be0 

* Weight % Cr203 was calculated assuming that all oxygen in excess of that present 
as Tho was combined as Cr 0 2 2 3' 
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TABLE VI1 

Room T e m p e r a t u r e  T e n s i o n  T e s t  Data 

Alloy 0.2% Y.S. 
XlOOO psi 

H1 107.5 

H2 162.5 

H3 122.2 

H4 72.5 

H5 57.5 

H6 92.0 

H6, swaged 50% 87.0 

H7 43.6 

H7, swaged 50% 41.8 

H8 113.75 

H9 53.75 

U.T. S.. 
XlOOO p s i  

113.75 

167.5 

125.0 

104.0 

83.75 

123.5 

128.0 

82.4 

81.0 . 

126.25 

75.0 

E l o n g a t  ion 
% 

9.6 

4.7 

5.0 

16.6 

15.8 

17.2 

20.7 

21.7 

25.3 

6.7 

8.7 

... 
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C. I n t e r n a l l y  Oxidized, Alloyed, N i - B e 0  Materials 

' 'Four  n i c k e l  base beryll iun,  a l l o y s  i n  chip form were obtained from t h e  Beryllium d 

Corporation of 

Alloy No. 

America i n  May 1968. The nominal compositions are g iven  i n  Table V I I I .  

TABLE VI11 

Compositions, Weight Percent ,  of Ni -Be  Alloys 

B e  Mo co N i  

-. bal . 1 0.15 - 
2 

3 .  

0.32 - - 
0.32 4.6 - 

bal  . 
b a l  . 

4 0.34 4.46 29.41 65.79 

The ch ips ,  unfor tuna te ly  very  coarse ,  w e r e  broken down by hammering and then w e t  
, 

bal l -mil led i n  a lcohol .  Two b a l l  m i l l s  of (7" d i a .  x 10  1/2") of stainless steel 

have been f ab r i ca t ed  f o r  t h i s  purpose; one w i l l  u t i l i z e  s t a i n l e s s  steel rods of 

t h r e e  s i z e s  (1" D x l", 3/4" D x 3", 1/2" D x 1/2"), and t h e  o the r  w i l l  u t i l i z e  hardened 

f e r r i t i c  s t a i n l e s s  s tee l  b a l l s  of 3/4" and 1/2" diameter. The rods f o r  t h e  f i r s t  m i l l  

have been c u t ,  t h e  corners  rounded o f f ,  and pol ished i n  f i n e  s i l i c o n  ca rb ide  pas t e ,  

and 1a.ter wi th  sawdust. The s t a i n l e s s  s tee l  b a l l s  have been de l ivered .  

About t h r e e  pounds of -100 mesh powder have been made from chips  of a l l o y  1, i n  

about 3 weeks, by t h e  rod m i l l .  The b a l l  m i l l  is  expected t o  g ive  b e t t e r  y i e ld .  

The ba l l  mi l l ed  powder w i l l  be  a t t r i t e d  t o  about one micron s i z e  i n  a one-gallon 

l abora to ry  model a t t r i t o r  No. l-S. Some'modifications t o  t h e  e x i s t i n g  u n i t  have been 

made t o  g e t  b e t t e r  s i z e  d i s t r i b u t i o n  and e f f i c i e n t  opera t ion .  A l i n e r  made of Inconel  

600, of one g a l l o n  capac i ty ,  has  been f ab r i ca t ed  t o  minimize contamination of t h e  powder. 

A Jabsco pump (model 2620; 3/8") has been i n s t a l l e d  t o  c i r c u l a t e  t h e  s l u r r y  of powder 

and a lcohol  t o  g e t  b e t t e r  and more uniform gr inding  ac t ion .  
c 

After a t t r i t i o n  t h e  powder w i l l  be  i n t e r n a l l y  oxidized a t  several oxida t ion  tempera- 

t u re s ;  f o r  t h i s  purpose a new apparatus  has been designed and i s  being assembled. This  

apparatus  w i l l  u t i l i z e  a f l u i d i z e d  bed technique f o r  oxidat ion.  A Vycor tube  w i l l  be  
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heated i n  a s p l i t  f u r n a c e - t o  t h e  requi red  oxida t ion  temperature; t h e  powder w i l l  be 

suspended by an upstream of gas  coming from t h e  bottom of t h e  tube. I n t e r n a l  ox ida t ion  pi 

w i l l  be  obtained by ad jus t ing  t h e  r a t i o  of hydrogen and water vapor, which i n  t u r n  w i l l  

c o n t r o l  t h e  p a r t i a l  p re s su re  of oxygen. The flow Argon w i l l  be used as a carrier gas. 

meters f o r  t h e  set-up have been made and c a l i b r a t e d .  

and temperature c o n t r o l l e r  has  been checked. 

The system i s  about 80% complete. 

The furnace has  been i n s t a l l e d  

' The Vycor tube  has  been s p e c i a l l y  made. 

A l l  t h e  p a r t s  are i n  house, and could be  i n  ope ra t ion  

t h i s  month. 

requi red .  

For each planned ex t rus ion ,  about two pounds of a t t r i t e d  powder w i l l  be 

The i n t e r n a l  ox ida t ion  apparatus is expected t o  be i n  opera t ion  by t h e  end 

of July.  
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11. The S p l a t  Cooling Process  f o r  Alloy DevelopLent . 

A. .Sp la t  CoolinP on 'a Continuous Basis 4 

The following improvements have been made i n  t h e  s p l a t  equipment so  t h a t  now a 

success fu l  run can be  made p r a c t i c a l l y  every t i m e :  

1. A r e s i s t a n c e  wound furnace was b u i l t  t o  r ep lace  t h e  gas-a i r  furnace.  This per- 

' mit t ed  over a pound of a l l o y  t o  be  melted f o r  each hea t  with b e t t e r  c o n t r o l  of t h e  tem-  

p e r a t u r e  of t h a t  m e l t .  

atomized. 

2. 

Also, a l l o y s  wi th  h igher  mel t ing p o i n t s  than  aluininum can be 

The des ign  of t h e  atomizat ion gun w a s  improved t o  y i e l d  a f i n e r  and more con- 

s i s t e n t  spray. It c o n s i s t s  simply of a to rch  nozzle-which i s  held i n  contac t  wi th  a 

1 /4  inch  s t a i n l e s s  steel tube  wi th  an A1203 innkr tube,  

ab le ,  allowing d i f f e r e n t  a l l o y s  t o  be  s p l a t t e d  wi th  t h e  same gun. 

of t h e  gun i s  placed i n s i d e  t h e  furnace,  e l imina t ing  most of t h e  clogging problems due 

t o  f r eez ing  of t h e  l i q u i d  metal a t  t h e  atomizat ion po in t .  

The inner  tube  i s  replace-  

A l l  bu t  t h e  top 1/2" 

3. A carb ide  b lade  w a s  machined t o  replace t h e  r azo r  b lades  prev ious ly  used. This 

ca rb ide  b lade  can b e  used over and over again without  being dul led  by t h e  r o t a t i n g  wheel. 

The b lade  w a s  a l s o  sp r ing  loaded t o  a s su re  con t inua l  contac t  with t h e  wheel. 

4 .  A s  y e t  t h e  steel wheel i s  not  water cooled, bu t  such a cooling system has been 

designed f o r  u s e  wi th  copper and o the r  h igher  mel t ing  a l loys .  

t u r e  o f  t h e  wheel rises t o  about 5OoC, which is  i n s i g n i f i c a n t  compared t o  t h e  s p l a t  

With aluminum, t h e  tempera- 

temperature of 75OoC. 

of t h e  s p l a t  material. 

Cooling t h e  wheel has  had no observable e f f e c t  on t h e  mic ros t ruc tu re  

With t h e  equipment i n  good working order about 3 pounds of a l l o y  2024 has  been produced 

by r ap id  quenching. 

hopeful ly  of s i m i l a r  s t r u c t u r e  and p rope r t i e s .  

The powder has  been s ieved  t o  o b t a i n  f l a k e s  of t h e  same s i z e  and 

The most abundant s i z e ,  2 t o  150 microns, 

w a s  then h y d r o s t a t i c a l l y  

of 20:l. The ex t rus ions  

compacted and s e n t  f o r  ex t rus ion  a t  150°C and an ex t rus ion  r a t i o  

have not been made as of t h i s  date .  
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The mic ros t ruc tu re  of t h e  s p l a t  m a t e r i a l  was  observed by mounting powders i n  Clear 

4 
* .  

C a s t ,  po l i sh ing  i n  t h e  normal manner, and e tch ing  i n  Keller's Eeagent f o r  20 seconds. 

The mic ros t ruc tu re  cons is ted  of aluminum dendr i t e s  and/or f i n e  g r a i n s  wi th  any second 

phase e n t i r e l y  i n  t h e  g r a i n  boundaries. 

500X micrographs of t h e  2024 material. 

micron range. 

The d e n d r i t e  arm spacing w a s  then  measured from 

Most p a r t i c l e s  had a d e n d r i t e  s i z e  i n  t h e  1-5 

3 "C/sec, r e spec t ive ly .  
.* 

This corresponds t o  a cooling rate of lo5 t o  LO 

The cooling rate w a s  determined from a p l o t  of l og  d e n d r i t e  spacing vs. average cooling 

rate i n  t h e  paper by Matyja, Giessen, and Grant. 

favorably with t h e  cooling rate of 3 x l o 7  OC/sec f o r  aluminum a l l o y s  obtained i n  t h i s  

l abora to ry  wi th  s m a l l  charge (20  t o  50 mg) s p l a t  machines, aga ins t  a Cu s u b s t r a t e .  The 

pure  A1-Si a l l o y  series has been de l ive red  and w i l l  be  prepared as s p l a t  cooled f l a k e s .  

One A1-Si a l l o y  w a s  s p l a t  cooled and compared wi th  t h e  o r i g i n a l  air-atomized material. 

The air-atomized a l l o y  had a d e n d r i t e  s i z e  of 10-20 microns corresponding t o  a cooling 

rate of 10 

microns o r  a cooling rate of lo5 t o  lo3  "C/scc. 

The c o o l i n g ' r a t e  obtained compares 

2 t o  10' OC/sec; t h e  splat-cooled A1-Si a l l o y  had a d e n d r i t e  spacing of 1-5 

Thus t h e  mass produced s p l a t  material 

has  a g r a i n  s i z e  and cooling rate i n  between t h a t  of air-atomized powder and near  micron 

t h i c k  splat-cooled material. 

X-ray p a t t e r n s  were run on 2024 a l l o y  f i l i n g s  and 2024 s p l a t  material. The samples 

were scanned from 20 = 20" t o  20 = 60" t o  determine i f  any corrosion products were 

present  i n  t h e  s p l a t  material. 

t h e  so2 i n  t h e  &oca1 atmosphere. For tuna te ly  2024 is  a co r ros ion - re s i s t an t  a l l o y  

(Sp la t s  made of o the r  aluminum a l l o y s  were corroded by 

and t h e  X-ray p a t t e r n s  f o r  t h e  f i l i n g s  and s p l a t  material were i d e n t i c a l .  

The l a t t i c e  parane ter  of t h e  2024 s p l a t  powder was measured and compared wi th  t h e  
0 0 

origitnal 2024 a l loy .  The l a t t i c e  parameter decreased from 4.053 A t o  4.046 A due t o  

s p l a t  cooling. This i n d i c a t e s  t h a t  some copper has remained i n  s o l i d  s o l u t i o n  as a 

r e s u l t  of s p l a t  cooling. 

Sp la t  cooling w i l l  now begin on t h e  t h r e e  Al-Si  a l l o y s  of 3.9, 7 . 4 ,  and 11.4 weight 

percent S i .  
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The s p l a t  material obtained w i l l  be  sieved, canned, and extruded a t  about 15OoC a t  

20:P, t h e  exact condi t ions  depending on t h e  r e s u l t s  of t h e  2024 ext rus ion .  

t h a t  t e n s i l e  and creep d a t a  w i l l  b e  a v a i l a b l e  on both t h e  2024 and Al-Si a l l o y s  wi th in  

It i s  hoped -p! 

t h e  next  six months. This w i l l  g i v e  a good idea  of t h e  e f f e c t  of f i n e  g r a i n  s i z e ,  

oxide d i spe r s ion ,  and supersa tura ted  s o l i d  s o l u t i o n s  on t h e  s t r e n g t h  and s t a b i l i t y  of 

* I  

' aluminum a l l o y s .  

B. S p l a t  Cooling of A1-Cu, A1-Fe, A1-Ni,  and A1-Pd Alloys: Supersaturated Terminal 
So l id  Solu t ions  of Aluminum 

The study of t h e s e  p o t e n t i a l l y  important s o l i d  s o l u t i o n  a l l o y s  of aluminum has  been 

continued and i s  now y ie ld ing  exce l l en t  r e s u l t s  a f t e r  t h e  in t roduc t ion  of a p r o t e c t i v e  

atmosphere during a l l o y  mel t ing  and quenching. The *elimination of atmospheric cor ros ion  

has  r e s u l t e d  i n  a cons iderable  s o l u b i l i t y  enhancement, probably by improved contac t  wi th  

t h e  s u b s t r a t e  sur face .  

Prel iminary ca l cu la t ed  va lues  of t h e  l a t t i c e  parameters of metas tab le  supersa tura ted  

Al-Pd and Al-Fe a l l o y s  are presented i n  Figure 2. A l l  a l l o y s  were s p l a t  cooled t o  room 

temperature i n  an argon atmosphere aga ins t  a copper s u b s t r a t e .  

were ca l cu la t ed  from X-ray d i f f r a c t i o n  measurements.. 

parameter vs.  composition p l o t s  appear t o  be n e a r l y  s t r a i g h t  l i n e s  wi th  nega t ive  dev ia t ions  

from Vegard's l a w  behavior. 

c l o s e l y  approaches t h e  e u t e c t i c  composition of 7.5 atomic percent Pd. 

The la t t i ce  parameters 

Both t h e  A1-Pd and A1-Fe l a t t i c e  

The Al-Pd curve i n d i c a t e s  t h a t  t h e  maximum m e t a s o l u b i l i t y  

The inaximum m e t a -  

s o l u b i l i t y  of Fe i n  A 1  appears t o  be between 4 and 5 atomic percent ,  i .e.,  w e l l  beyond 

t h e  0.9 percent  Fe e u t e c t i c .  There i s  cons iderable  v a r i a t i o n  of l a t t i ce  parameter and 

hence i n  t h e  degree of supe r sa tu ra t ion  observed i n  t h e  A 1  - 5% Fe s p l a t s .  This pre- 

sumably r e f l e c t s  a very  s t rong  s e n s i t i v i t y  t o  cooling rate and o v e r a l l  pu r i ty .  

degree of supe r sa tu ra t ion  f a l l s  o f f  r a p i d l y  above 5% Fe, c l o s e l y  p a r a l l e l i n g  t h e  behavior 

The 

previous ly  seen  i n  t h e  A1-Si system. 

D i f f i c u l t y  has  been encountered i n  reproducing r e s u l t s  i n  t h e  systems: A1-Ni ,  A1-Co, 

and t h e  h igher  copper content a l l o y s  i n  A1-Cu. Even i n  a p r o t e c t i v e  atmosphere t h e s e  . 

a l l o y s  show some contamination from oxida t ion  o r  corrosion. 

product prev ious ly  seen i n  a l l  s p l a t s  made i n  a i r  co inc ides  wi th  a diminished measured 

The appearance of a co r ros ion  
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h e t a s h l u b i l i t y .  

i n  an i n e r t  atmosphere. 

s p l a t  apparatus  has  f u r t h e r  reduced t h e  incidence of t h i s  phase. 

i n  t h e  reproducib ' i l i ty  of measured m e t a s o l u b i l i t i e s  i s  expected. 

The amount of t h i s  unident i f ied, ,phase i s  s i g n i f i c a n t l y  reduced by quenching 

Improvement of t h e  vacuum system of t h e  con t ro l l ed  atmosphere 
d 

A consequent improvement 
. _. - .  

' A summary of t h i s  work is t o  b e  presented a t  t h e  AIME F a l l  meeting, 1968. 'The 

tremendously l a r g e  supe r sa tu ra t ion  achieved ( in  t h e  case of A1-Fe, by a f a c t o r  X200) raises 

hopes of i n t e r e s t i n g  d i spe r s ion  s t rengthening p o s s i b i l i t i e s ,  which wi .11  be' inves t iga ted  

subsequently.  

C. Study of Atmospheric Corrosion of Sp la t  Cooled Al-Alloys 

A study c o r r e l a t i n g  t h e  SO2 content  of t h e  a i r  during Narch, 1967, and t h e  rate of 

cor ros ion  of s p l a t  cooled f o i l s  has  been completed; a paper based on t h i s  work has  been 

submitted t o  AIME. 

D. Survey of Supersaturated Sol id  Solu t ions  and Metastable  Alloy Phases 

A survey of published and unpublished work on metas tab le  te rmina l  s o l i d  so lu t ions  

and in te rmedia te  phases which are produced by quenching techniques from t h e  m e l t  has  

been completed. About 30 b inary  and over 30 t e rna ry  a l l o y  systems have been t r e a t e d ;  

t h e  r e p o r t  i s  t o  be  publ ished s h o r t l y  and i s  a v a i l a b l e  as a p r e p r i n t  now. 

be  mailed t o  NASA. 

Copies w i l l  

E. Production of Rapidly Quenched Powders by Plasma Spraying Techniques 

A Thermodyne plasma t o r c h  has  been adapted f o r  the spraying of f i n e  po3ders onto 

a moving sur face .  

powders t o  be  obtained;  excessive oxida t ion  of N i  powders w a s  encountered. 

Technical d i f f i c u l t i e s  wi th  t h e  t o r c h  have not  y e t  permit ted usable  

Fur ther  

tests are planned. 
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